Aim: Simvastatin is frequently administered to diabetic patients with hypercholesterolemia. The aim of the study was to investigate the pharmacokinetics of simvastatin and its hydrolysate simvastatin acid in a rat model of type 2 diabetes. Methods: Diabetes was induced in 4-week-old rats by a treatment of high-fat diet combined with streptozotocin. After the rats received a single dose of simvastatin (20 mg/kg, po, or 2 mg/kg, iv), the plasma concentrations of simvastatin and simvastatin acid were determined. Simvastatin metabolism and cytochrome P4503A (Cyp3a) activity were assessed in hepatic microsomes, and its uptake was studied in freshly isolated hepatocytes. The expression of Cyp3a1, organic anion transporting polypeptide 2 (Oatp2), multidrug resistance-associated protein 2 (Mrp2) and breast cancer resistance protein (Bcrp) in livers was measured using qRT-PCR. Results: After oral or intravenous administration, the plasma concentrations and areas under concentrations of simvastatin and simvastatin acid were markedly decreased in diabetic rats. Both simvastatin metabolism and Cyp3a activity were markedly increased in hepatocytes of diabetic rats, accompanied by increased expression of hepatic Cyp3a1 mRNA. Furthermore, the uptake of simvastatin by hepatocytes of diabetic rats was markedly increased, which was associated with increased expression of the influx transporter Oatp2, and decreased expression of the efflux transporters Mrp2 and Bcrp. Conclusion: Diabetes enhances the metabolism of simvastatin and simvastatin acid in rats via up-regulating hepatic Cyp3a activity and expression and increasing hepatic uptake.
Introduction
Diabetes mellitus (DM) is a well-known risk factor for cardiovascular disease (CVD) and atherosclerotic complications, especially coronary heart disease [1] . The combination of diabetes mellitus and CVD history further increases the risk of vascular events [2] and mortality [3] . Clinical trials have emphasized the importance of lowering LDL cholesterol and reducing cardiovascular risk in diabetes mellitus [4] [5] [6] . 3-Hydroxy-3-methylglutaryl enzyme A (HMG-CoA) reductase inhibitors (statins) are frequently administered to diabetic patients to reduce cardiovascular risk. Simvastatin, a lipophilic statin, has a high safety profile and is often used for treating hyperlipemia in diabetic patients, although serious symptoms, such as rhabdomyolysis [7] , hepatotoxicity [8] and an increased incidence of new-onset diabetes mellitus [9] , have been reported. Simvastatin is primarily metabolized in the liver by two separate metabolic pathways. In humans, the oxidative biotransformation of simvastatin is mediated primarily by CYP3A4 [10] . In the other primary route, the inactive lactone prodrug is hydrolyzed to the pharmacologically active simvastatin acid by carboxylesterases and non-enzymes. The oxidative metabolism of simvastatin acid is catalyzed primarily by CYP3A4 [10] . Additionally, simvastatin and its hydrolysate simvastatin acid are substrates of organic anion transporting polypeptide 1B1 (OATP1B1/Oatp2) [11] [12] [13] [14] , an influx transporter expressed on the sinusoidal membrane of hepatocytes. Recent studies have shown that OATP1B1 plays a clinically important role in the hepatic elimination of several drugs including statins, via mediating the hepatic uptake [11] [12] [13] [14] [15] . Both clinical trials and animal experiments have demonstrated that DM may alter the pharmacokinetic behaviors of some drugs via regulating the www.nature.com/aps Xu D et al Acta Pharmacologica Sinica npg expressions and activities of cytochrome P450s (CYP450s) and drug transporters in the liver [16] [17] [18] [19] [20] [21] [22] . Breast cancer resistance protein (Bcrp) and multidrug resistance-associated protein 2 (Mrp2) have also been reported to mediate statin transport [11, 23, 24] . All of these results suggest that diabetes modifies the disposition of simvastatin as a result of the alterations of these metabolic enzymes and drug transporters.
The aim of the present study was to investigate the pharmacokinetic behaviors of simvastatin and its hydrolysate simvastatin acid in type 2 diabetic rats induced by a combination of high-fat diet (HFD) and streptozotocin (STZ) injection. The metabolism of simvastatin in hepatic microsomes was measured using in vitro simvastatin depletion. The activity of Cyp3a in hepatic microsomes of diabetic rats was further assessed by the formation of 1-hydroxymidazolam. The mRNA levels of Cyp3a1, Mrp2, Bcrp and Oatp2 in the liver and intestine were measured using quantitative reverse transcriptase polymerase chain reaction (qRT-PCR).
Materials and methods

Chemicals
Simvastatin standard, diazepam and midazolam were obtained from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). Simvastatin acid was purchased from Toronto Research Chemicals Inc (Toronto, ON, Canada). Simvastatin, which was used for pharmacokinetics, was purchased from Dalian Meilun Biotech Corp (Dalian, China). Glucose 6-phosphate, glucose-6-phosphate dehydrogenase (Type V), β-nicotinamide adenine dinucleotide phosphate (NADP) and streptozotocin (STZ) were obtained from Sigma Chemical Co (St Louis, MO, USA). 1-Hydroxymidazolam and Matrigel Matrix were obtained from BD Biosciences (Bedford, MA, USA). All other chemicals used were commercially available and were of analytical grade.
Animals
Sixty male Sprague-Dawley rats, weighing 100-110 g (aged 4-5 weeks), were obtained from Sino-British Sipper & BK Lab Animal Ltd (Shanghai, China). The rats were maintained at ambient temperature (23±1 °C) and relative humidity (50%±10%) with 12-h light/darkness cycle and were allowed free access to water and food. All of the experimental procedures were approved by the Animal Ethics Committee of China Pharmaceutical University.
Induction of diabetic rats
The diabetic rats were developed according to our method previously described [19] . The rats were randomly divided into three groups: age-matched control (CON) group, high fat diet (HFD) group and diabetes (DM) group. The high-fat diet contained 15% lard, 5% sesame oil, 10% sucrose, 5% fried peanuts, 2.0% cholesterol, and 0.2% cholate. Both the high-fat diet and normal chow were purchased from Jiangsu Xietong Organism Co, Ltd (Nanjing, China). The CON rats were fed normal chow. Both HFD rats and DM rats were fed using a high-fat diet. After 4 weeks of dietary manipulation, the DM rats received an intraperitoneal injection of STZ (35 mg/kg, dissolved in pH 4.5 citrate buffer) [19] . Both HFD and CON rats received only an equivalent volume of citrate buffer. Subsequently, the experimental rats maintained their original diets.
The development of diabetes was confirmed by fasting blood glucose levels using a glucose reagent kit (Jiancheng Biotech Co, Nanjing, China). The animals were considered diabetic only when their fasting blood glucose levels exceeded 16.67 mmol/L (300 mg/dL) after 1 week of STZ injection.
On day 14 after STZ or vehicle injection, an oral glucose tolerance test (OGTT) was performed. The experimental rats fasted overnight and received an oral dose of glucose solution (2 g/kg). Blood samples were collected via the oculi chorioideae vein under light ether anesthesia at 0 min (just before glucose loading), 15, 30, 60, and 120 min after glucose loading, and serum samples were obtained. The glucose and insulin concentrations in serum were measured using a glucose test kit (Jiancheng Biotech Co, Nanjing, China) and an insulin radioimmunoassay kit (North Institute of Biotech Co, Beijing, China), respectively. Homeostatic model assessment (HOMA) was used to assess the longitudinal changes in insulin resistance (HOMA-IR) [25] . The following experiments were performed on the 35th day after STZ injection.
Pharmacokinetics of simvastatin in diabetic rats after oral and intravenous administration For oral administration, DM rats, CON rats and HFD rats, fasted overnight, and received orally 20 mg/kg [26, 27] of simvastatin (suspended in 0.5% sodium carboxymethylcellulose). Blood samples (250 μL) were collected in heparinized eppendorf tubes via the oculi chorioideae vein at 0.25, 0.5, 1.0, 2.0, 4.0, and 8.0 h after the oral dose under light ether anesthesia. For intravenous administration, 2 mg/kg of simvastatin (dissolved in mixture of propylene glycol and saline, 1/1) was administered intravenously to DM rats, CON rats and HFD rats via the tail vein. Blood samples (250 μL) were collected at 5, 10, 15, 30, 45, 60, 90, and 120 min after the intravenous dose under light ether anesthesia. Plasma samples were obtained at 2850×g for 5 min and frozen at -20 °C until an analysis was performed. Simvastatin and simvastatin acid concentrations were measured using the LC-MS method.
Preparation of hepatic microsomes and metabolism of simvastatin in hepatic microsomes Hepatic microsomes of experimental rats were prepared according to the methods previously described [18, 19] . The microsomal pellets were re-suspended in phosphate-buffered saline (PBS) (pH 7.4) containing 20% glycerol and stored at -80 °C. The protein concentration of the hepatic microsomes was measured using the Bradford method and bovine serum albumin as the standard.
The metabolism of simvastatin in hepatic microsomes was investigated using a simple in vitro substrate depletion approach. Simvastatin (20 μmol/L) was incubated using hepatic microsomes (final level, 0.2 mg/mL) in PBS at 37 °C Xu D et al Acta Pharmacologica Sinica npg for 5 min. The reaction was initiated by the addition of 40 mL of NADPH-generating system (0.5 mmol/L NADP, 10 mmol/L glucose 6-phosphate, 5 U/mL glucose-6-phosphate dehydrogenase, and 5 mmol/L MgCl 2 ) (final volume, 200 mL). The reaction was terminated by adding 1 mL of ether acetate at designated incubation times (0, 0.5, 1.0, 1.5, 2, 3, and 5 min). The remaining simvastatin concentrations in the incubation mixtures were determined using the LC-MS method.
It is generally accepted that simvastatin metabolism in the liver is primarily mediated by Cyp3a. The formation of 1-hydroxymidazolam from midazolam, widely used Cyp3a probe, was employed as a marker to assess Cyp3a activity. The incubation mixture (final volume, 200 mL) consisted of rat hepatic microsomes (final level, 0.5 mg/mL), the NADPHgenerating system, and different midazolam levels in PBS. After a 10-min preincubation at 37 °C, the reaction was initiated by adding 40 mL of NADPH-generating system. The final midazolam concentrations in the hepatic incubation mixture were set to be 3.125, 6.25, 12.5, 20, 25.0, 30.0, 50.0, and 60.0 mmol/L. All of the above microsomal incubation conditions were in the linear range of reaction rate. The reaction was terminated by adding 200 mL of acetonitrile after incubation at 37 °C for 10 min.
Preparation of freshly isolated rat hepatocytes and uptake of simvastatin by hepatocytes
The experimental rats fasted overnight and were anesthetized using pentobarbital (60 mg/kg, ip). The rat hepatocytes were isolated using a two-step perfusion method previously described [28] . Cell viability was identified using trypan blue test. Hepatocyte suspension was added to pre-coated 24-well plates at a density of 2.5×10 5 cells/well in 500 mL of Dulbecco's modified Eagle's medium (DMEM). After 4 h of plating, the cells were used for simvastatin uptake. The incubated cells were washed 3 times using 500 mL of Dulbecco's phosphate buffered saline (DPBS). Subsequently, the cells were incubated with DPBS containing different levels of simvastatin at 37 °C for 60 s. Simvastatin levels were set to be 10, 20, 30, 100, 200, and 500 mmol/L. The uptake was stopped by rinsing the cells 3 times with ice-cold DPBS, and 0.2 mL of purified water was added to each incubated well. The cells were lysed by 3 freeze-thaw cycles. The simvastatin uptake by the cells was measured using the LC-MS method and expressed as pmol/10 5 cells.
qRT-PCR (quantitative reverse transcriptase polymerase chain reaction) qRT-PCR was used to measure mRNA levels of Cyp3a1, Oatp2, Mrp2, and Bcrp in the liver and intestine. The experimental rats were killed under ether anesthesia; their liver and intestine were quickly removed. Total RNA from the frozen tissues was extracted using TRIzol reagent (SunShine Biotechnology, Nanjing, China) according to the manufacturer's instructions. The quality and purity of RNA were determined by UV spectrophotometry at 260 nm and 280 nm. Quantitative RT-PCR was performed using a cDNA input converted from 2 μg of total RNA. Primer sequences of rat mRNA were shown in Table 1 . After denaturing at 95 °C for 2 min, the amplification was obtained by 40 cycles of 95 °C for 5 s and 60 °C for 30 s. Melting curves were performed to investigate the specificity of the PCR reaction. For normalization of the gene levels, β-actin was used to correct minor variations in the input RNA amount or inefficiencies of the reverse transcription. The relative quantification (RQ) of each gene expression was calculated according to comparative Ct method using this formula: RQ=2 -ΔCt .
Drug assays
Simvastatin and simvastatin acid levels in the biological samples were determined using LC-MS as previously described with minor modification [29] . The diclofenac sodium solution (internal standard, final concentration, 1 mg/mL) of 10 mL and ether acetate of 1 mL were added to 100 mL of the biological sample. After shaking for 10 min, the mixture was subsequently centrifuged at 1820×g for 10 min. The organic phase was first transferred into clean tubes, then dried under reduced pressure using an integrated SpeedVac SPD2010-230 system (Thermo Fisher Scientific, Waltham, MA, USA). The residue was reconstituted in 100 mL of methanol and centrifuged at 45 570×g for 10 min. Subsequently, the 5 mL supernatant was injected into the LC-MS system.
The assay was performed using the LC/MS 2010A system (Shimadzu, Kyoto, Japan). Liquid chromatographic separations were achieved using a Waters Symmetry C18 column (150 mm×2.1 mm, internal diameter 5.0 µm). The column and autosampler tray temperatures were kept constant at 40 °C and 4 °C, respectively. The mobile phase consisted of water (containing 0.02% formic acid and 12 µmol/L sodium acetate) (A) and methanol (B) (17:83, v/v), which was delivered at a rate of 0.2 mL/min. The samples were ionized using positive-ion electrospray ionization (ESI) probe in the positive-ion mode under the following source conditions: gas flow, 4.5 L/min; curve dissolution line (CDL) voltage was fixed as in tuning, CDL temperature, 250 °C; and block temperature, 400 °C. Mass spectra were obtained at a dwell time of 0.2 s and 1 s for Table 1 . Primer sequences of rat mRNA.
Gene Sequences + , m/z=296. Peak areas for all of the components were automatically integrated using LC/MS solution Version 2.04 (Shimadzu). The method was validated throughout the concentration range of 37.5-500.0 ng/mL for simvastatin and 39.0-5000.0 ng/mL for simvastatin acid with correlation coefficients of 0.999 for simvastatin and 0.999 for simvastatin acid.
In the incubation mixture, 1-hydroxymidazolam level was measured using HPLC. The incubation samples were centrifuged twice for 10 min. Subsequently, the supernatant (20 mL) was applied to the HPLC system. The HPLC system was composed of an LC-10AD pump (Shimadzu), a model SPD-10A UV absorbance detector (Shimadzu) set at 220 nm, and a Symmetry C18 (150 mm×4.6 mm, internal diameter 5 µm) (Waters). The mobile phase consisted of water (containing 10 mmol/L ammonium acetate) (A) and acetonitrile (B) (60/40, v/v); the flow rate was set at 1.0 mL/min. The linear range in the incubation mixture was 0.10-1.00 µg/mL.
Pharmacokinetic analysis
The concentration-time data of simvastatin and simvastatin acid for each rat was individually analyzed using noncompartmental analysis and Phenix WinNonlin 6.1 (Pharsight, St Louis, MO, USA). The area under the plasma concentrationtime profile (AUC 0-∞ ) was calculated using the trapezoidal rule, with extrapolation to infinity. The peak concentration (C max ) and the time to reach C max were obtained directly from the plasma concentration-time profiles. The terminal elimination constant (K) was obtained from the least-squares linear regression slope of the natural logarithm of concentration versus time, and the terminal elimination half-life (T 1/2 ) was calculated as 0.693/K. The mean residence time (MRT) was calculated as the area under the first moment curve divided by AUC 0-∞ . For intravenous administration, the clearance (Cl) was calculated as dose/AUC 0-∞ .
In the hepatic microsomal incubation, the area under the simvastatin concentration-time curve (AUC 0-t ) was calculated using the linear trapezoidal rule. The clearance of simvastatin in hepatic microsomes (Cl apph ) was estimated as the initial dose (final volume×initial levels of simvastatin) divided by AUC 0-t .
The Michaelis-Menten equation
and Hill equation
were used to characterize the kinetics of 1-hydroxymidazolam formation from midazolam in rat hepatic microsomes, where V, S, K m , and V max were the velocity of the reaction, the substrate concentration, the Michaelis-Menten constant and the maximum velocity, respectively. S 50 was the substrate concentration showing the half-V max , and g was the Hill coefficient. For Michaelis-Menten kinetics, intrinsic clearance (Cl int ) was calculated as V max /K m , and for sigmoidal kinetics, maximum clearance (Cl max ) [30] was calculated as
In the present study, if the Hill coefficient was more than 1.2, the kinetic data were fit to the Hill equation.
Statistical analysis
The data are presented as the mean±standard deviation (SD) values. Significant differences between groups were evaluated using the one-way analysis of variance. If the analysis results were significant, the differences between groups were estimated using the Student-Newman-Keuls multiple-comparison test for post hoc analysis. A P value of less than 0.05 was considered statistically significant.
Results
Establishment of the diabetic rat model
The biochemical parameters were measured in the plasma of CON rats, HFD rats and DM rats on d 7 after the administration of STZ (Table 2) . Markedly elevated levels of glucose, triglyceride, and total cholesterol were found in the serum samples of DM rats. DM rats also developed diabetic symptoms, such as polyphagia, polyuria and polydipsia, accompanied by significantly increased HOMA-IR values. Compared with CON rats, HFD rats showed higher triglyceride, total cholesterol and lower insulin concentrations. The OGTT results showed that DM rats had significantly higher serum glucose and lower insulin concentrations induced by glucose loading than CON rats and HFD rats, resulting in significant increases in AUC values of glucose and decreases in AUC of insulin ( Figure 1 ). These indexes were similar to the physiopathological state of type 2 diabetes, indicating that the DM rats may be considered as having type 2 diabetes [31, 32] . Insulin resistance also occurred in HFD rats, in which the insulin and glucose levels induced by glucose loading were higher than those in CON rats (Figure 1 ).
Pharmacokinetics of simvastatin in DM rats after oral and intravenous administration of simvastatin
The plasma concentrations of simvastatin and its hydrolysate simvastatin acid were measured in CON, DM and HFD rats after oral administration of simvastatin (20 mg/kg) to experimental rats (Figure 2A and 2B) . The corresponding pharmacokinetic parameters were estimated (Table 3) . Compared with CON rats, DM rats had lower plasma concentrations of simvastatin and simvastatin acid, which resulted in lower exposure (C max and AUC 0-∞ ). The mean AUC 0-∞ and C max in DM rats were 72% for simvastatin in CON rats and 56% for simvastatin acid. Compared with CON rats, HFD rats showed lower concentrations and AUC values in plasma concentrations of simvastatin and simvastatin acid.
To investigate whether the decreased oral exposure of npg simvastatin and simvastatin acid in the plasma of DM rats resulted from enhanced systemic clearance, the pharmacokinetic behaviors of simvastatin and simvastatin acid ( Figure  2C and 2D) in experimental rats were studied after an intravenous dose of simvastatin (2 mg/kg). Consistent with our expectation, DM rats showed lower plasma concentrations of simvastatin and simvastatin acid, accompanied by lower AUC 120 value (only 74% for simvastatin in CON rats and 58% for simvastatin acid). In contrast to the oral administration of simvastatin in DM rats, the plasma concentrations and exposures of both simvastatin and simvastatin acid in HFD rats were increased rather than decreased compared with CON rats. Simvastatin metabolism in hepatic microsomes and Cyp3a activity Simvastatin is primarily eliminated in the liver via metabolism. To investigate whether the alteration in the pharmacokinetics of simvastatin was derived from the enhancement of simvastatin metabolism in the liver of DM rats, the metabolism of simvastatin in hepatic microsomes of CON, HFD and DM rats was measured ( Figure 3A ) using a simple in vitro substrate depletion, and clearances in hepatic microsomes of CON, HFD and DM rats were estimated ( Table 4 ). The results demonstrated that simvastatin metabolism was markedly (P<0.05) enhanced in hepatic microsomes of DM rats, leading to a significant (P<0.05) increase in simvastatin clearance (1.22-fold of CON rats). The HFD rats also showed a trend toward Simvastatin metabolism in the liver is primarily mediated by Cyp3a. Cyp3a activities in the hepatic microsomes of experimental rats were documented using formation of 1-hydroxymidazolam ( Figure 3B ). Similar to simvastatin metabolism, formation rates of 1-hydroxymidazolam were markedly enhanced in hepatic microsomes of DM rats. Additional studies showed that data on the formation rates of 1-hydroxymidazolam in hepatic microsomes of experimental rats were not fitted using the simple Michaelis-Menten equation; however, good fittings were obtained using the Hill equation. Corresponding kinetic parameters were estimated (Table 4) . A significant decrease in AUC 0-5 (40% of CON rats) and increased clearance (2.22-fold of CON rats) of midazolam were found in hepatic microsomes of DM rats, implying enhanced hepatic Cyp3a activity.
Uptake of simvastatin by hepatocytes Uptake of statins by hepatocytes is considered a ratedetermining process in the overall hepatic elimination of statins [33, 34] . The uptake of simvastatin by hepatocytes was investigated using freshly isolated rat hepatocytes from experimental rats ( Figure 3D) . The results showed that the uptake qRT-PCR Several efflux transporters (Bcrp and Mrp2) and influx transporter (Oatp2) were involved in statin transport. The mRNA levels of Cyp3a1 and these transporters in the liver and intestines were measured using qRT-PCR (Figure 4) . Compared with the intestines, the liver expressed higher levels of Bcrp, Mrp2, Oatp2, and Cyp3a1 mRNA. The intestinal Oatp2 mRNA (relative to β-actin mRNA) levels were less than 0.0001, indicating a minor contribution to intestinal drug absorption. Diabetes significantly enhanced the expression of hepatic Cyp3a1 mRNA, inducing an increase by 2.7-fold in CON rats. An increase in the expression of hepatic Oatp2 was also observed in DM rats (increase by 20% in CON rats and 50% in FHD rats, respectively), although no significance was obtained. By contrast, significant decreases in hepatic Bcrp and Mrp2 mRNA occurred in the liver of DM rats. DM altered mRNA levels of Cyp3a1, Bcrp, and Mrp2 in the intestines; no significance was obtained because of the large individual differences.
Discussion
Accumulating reports have shown that diabetes alters the metabolism rates of drugs via affecting activities and expressions of CYP450s and drug transporter in the liver [15, 17, 20, 35] . Simvastatin, a substrate of Cyp3 and Oatp2/OATP1B1, is often used for improving hypercholesterolemia associated with DM. The aim of the present study was to investigate the effect of type 2 diabetes on simvastatin pharmacokinetics. Type 2 diabetic rats were developed using the combination of an HFD and a low dose of STZ. The results showed that the developed diabetic rats had higher levels of glucose in the serum, accompanied by increased HOMA-IR. Additionally, the rats showed abnormalities in lipid metabolism as evidenced by high triglyceride and cholesterol levels. All of the syndromes were similar to those in type 2 diabetes patients, which indicated that the developed type 2 diabetic rats may reflect the natural history and metabolic characteristics of human type 2 diabetes. The primary finding of this study was that diabetes significantly decreased concentrations in plasma, accompanied by lower exposure (C max and AUC) of simvastatin and its hydrolysate simvastatin acid (Figure 2 ) after oral administration. Using intravenous administration, we verified that the decreased exposure of simvastatin and simvastatin acid was derived from enhanced systematic clearance. It is generally accepted that simvastatin and simvastatin acid in the liver are metabolized via Cyp3a, and simvastatin clearance in hepatic microsomes was therefore measured using in vitro simvastatin depletion. The results were consistent with findings in vivo that clearance of simvastatin in hepatic microsomes of DM rats was significantly increased. The activity and expression of Cyp3a in the liver of experimental rats were determined using 1-hydroxymidazolam formation from midazolam, a Cyp3a probe, and qRT-PCR. The results clearly demonstrated marked enhancement of the activity in hepatic microsomes of DM rats, which was consistent with the increase in simvastatin metabolism. Similarly, a significant increase in the levels of Cyp3a1 mRNA was observed in the liver of DM rats. We previously reported significant enhancement of Cyp3a in hepatic microsomes of DM rats using norverapamil formation from verapamil, another type of Cyp3a probe [18, 19] . All of these results suggested that the enhanced activity and expression of hepatic Cyp3a were the main contributors to the increases in systemic clearance of simvastatin and simvastatin acid.
The uptake of drugs by hepatocytes is also considered a rate-determining process in the hepatic clearance of statins via OATPs [33, 34] . The uptake of simvastatin by hepatocytes and the expression of Oatp2 were also investigated. Significantly enhanced uptake of simvastatin by hepatocytes was observed in DM rats, accompanied by a trend toward increasing the expression of hepatic Oatp2 mRNA. Simvastatin was also reported to be a substrate of Mrp2 and Bcrp [11, 22, 23] , implying that the two efflux transporters may be involved in the elimination of simvastatin via the bile. However, a report showed that only a small percentage of simvastatin is eliminated via feces in the form of simvastatin or simvastatin acid [36] . Our preliminary results showed that the excreted amount of simvastatin as simvastatin and simvastatin acid via the bile and feces was less than 1% of the administered dose. Furthermore, the expression of Mrp2 and Bcrp in the liver was downregulated. All of these findings excluded the contribution of the two efflux transporters to promoting the elimination of simvastatin and simvastatin acids in the liver of DM rats. Although intestinal Cyp3a may be involved in the presystem- atic metabolism of simvastatin after an oral dose, the intestinal Cyp3a1 mRNA levels were down-regulated under diabetic conditions. Our previous study demonstrated the suppression of Cyp3a activity and the expression in the intestines of DM rats [18] . No significant alterations in the expressions of Bcrp mRNA and Mrp2 mRNA were observed in the intestines of DM rats. Therefore, the findings in the intestines of DM rats did not explain the decreased exposure of simvastatin and simvastatin acid after an oral dose of simvastatin. All the results may support the conclusion that the up-regulation of both Cyp3a activity and expression as well as the enhanced hepatic uptake contributed, at least in part, to the increase in the hepatic metabolism of simvastatin and simvastatin acid under diabetic conditions, thus leading to lower exposures of simvastatin and simvastatin acid.
The mechanism underlying the elevations in hepatic Cyp3a and Oatp2 expression in DM rats has not been established. The present study showed that marked accumulations of serum cholesterol, triglyceride, and insulin resistance occurred in both HFD and DM rats. The activity and expression of hepatic Cyp3a in DM rats were associated with HOMA-IR, which suggests that insulin resistance or relative insufficiency of insulin may explain the affecting expression and activity of hepatic Cyp3a. Several reports have demonstrated that insulin and ketone bodies participating in the regulation of cytochrome P450 isozymes in the liver of DM rats and insulin treatment reversed or partially reversed alteration induced by diabetes [17, [37] [38] [39] . The elevated total serum cholesterol and triglyceride levels in DM rats were consistent with the increases in activity and expression of hepatic Cyp3a, suggesting that high cholesterol and triglyceride levels may explain inducing Cyp3a expression and activity. In agreement with this deduction, Irizar et al reported that the administration of cholesterol-rich diets enhanced Cyp3a levels in atherosclerotic rabbits [40] . Lucas et al found that a positive correlation existed between CYP2E1 activity and serum cholesterol or triglycerides in diabetes patients [41] . Similarly, Watson et al found that 16 β-testosterone hydroxylation in hepatic microsomes of ob/ob mice was higher than that in lean mice [42] . However, the above-mentioned deduction did not explain the findings in HFD rats. Although the elevated total serum cholesterol and triglyceride in HFD rats were also observed, the activity and expression of hepatic Cyp3a were minimally affected.
The higher activity of Cyp3a in DM rats was also accompanied by a higher glucose level. However, Stewart et al found that glucose consumption in rats may decrease the activity of Cyp2c11 and Cyp3a using testosterone as a probe agent [43] , which indicates that the high glucose level may not be the primary reason for altering the expression and activity. The impaired secretion of other hormones, such as growth hormone, testosterone, and tetraiodothyronine, have been demonstrated in diabetics [44] , which becomes a factor inducing hepatic Cyp3a. The mechanism inducing Oatp2 expression was not reported. In the present study, we reported that DM rats showed a trend toward increasing hepatic Oatp2 levels, which was identical with the findings in type 1 diabetic rats induced by STZ [21] . We also noted that alterations of Cyp3a1, Bcrp and Mrp2 in the liver and intestines induced by diabetes were different. Our previous studies showed that alterations in activity or expressions of Cyp3a, Bcrp, Mrp2, and Oatp2 in diabetic rats were dependent on tissues and genes [19, 21, 45, 46] . However, the real mechanisms resulting in the differential alterations were not clear and require additional investigation.
In this article, our results showed that diabetes enhanced the metabolism of simvastatin and its hydrosalt simvastatin acid in rats. The enhancement was due, in part, from up-regulated Cyp3a activity and expression as well as increased hepatic uptake.
